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Introduction - Disclaim
er

�
The Liquid Argon TPC

 on the kton scale is the fruit of a successful R
&D

program
 that has lasted m

any years
�

It has recently regained a strong interest in the com
m

unity, after the
1.

Successful assem
bly and operation of the I

C
A

R
U

S
 
T
6

0
0

2.
The realization of the e

n
o

r
m

o
u

s physics potential offered by high
granularity im

aging and extrem
ely high resolution, in the context of

�
U

n
d

e
r

g
r

o
u

n
d

 
p
h

y
s
i
c
s (proton decay, solar, supernova, …

)
�

S
h

o
r

t
-
b

a
s
e
l
i
n

e (now
 called “near detectors”) low

/m
edium

 cross-
sections or high-energy precision neutrino physics

�
L
o

n
g

-
b

a
s
e
l
i
n

e neutrino physics (superbeam
s and/or N

F)
�

As a consequence, preprints, proceedings, LO
I’s, etc…

 have recently
appeared concerning liquid argon detectors, from

 the sm
allest (≈10-100 tons)

to the biggest (>100 ktons) sizes, w
ith varying level of credibility.

�
I
 w

i
l
l
 t

r
y

 t
o

 c
o

n
c
e
n

t
r

a
t
e
 o

n
 “

r
e
a

l
”
 r

e
s
u

l
t
s
 r

e
l
a

t
e
d

 t
o

 l
i
q

u
i
d

a
r

g
o

n
 t

p
c
’s

�
These results have (so far) been achieved w

ithin the IC
AR

U
S C

ollab.
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The ICARUS Collaboration
S. Am

oruso, P. Aprili, F. Arneodo, B. Babussinov, B. Badelek, A. Badertscher, M
. Baldo-C

eolin,
G

.Battistoni, B. Bekm
an, P. Benetti, A. Borio di Tigliole, M

. Bischofberger, R
. Brunetti, R.Bruzzese,

A.Bueno, E.C
alligarich, D

. C
avalli, F. C

avanna, F. C
arbonara, P. C

ennini, S. C
entro, A.C

esana,
C

.C
hen, Y. Chen, D

. Cline, P.C
rivelli, A.G

. C
occo, A. Dabrow

ska, Z. D
ai, M

. Daszkiewicz, A. Di
Cicco, R. Dolfini, A. Ereditato, M

. Felcini, A. Ferrari, F.Ferri, G
. Fiorillo,  S. G

alli, Y.�G
e, D. G

ibin,
A.G

igli Berzolari, I. G
il-Botella, A. G

uglielm
i, K. G

raczyk,  L.G
randi, X. H

e, J. H
oleczek, C

.Juszczak,
D

. Kielczew
ska, J. Kisiel, L. Knecht, T. Kozlowski, H

. Kuna-C
iskal, M

.Laffranchi,  J.Lagoda,
B.�Lisow

ski, F. Lu, G
. M

angano, G
. M

annocchi, M
. M

arkiew
icz, F. M

auri, C
. M

atthey, G
.M

eng,
M

.M
essina, C

. M
ontanari, S. M

uraro, G
. N

atterer, S. N
avas-C

oncha, M
. N

icoletto, S.O
tw

inow
ski,

Q
.O

uyang, O
. Palam

ara, D
. Pascoli, L. Periale, G

.�Piano M
ortari, A. Piazzoli, P.Picchi, F. Pietropaolo,

W
.Polchlopek, T. Rancati, A. Rappoldi, G

.L. Raselli, J.�R
ico, E. R

ondio, M
.R

ossella, A. R
ubbia,

C
.R

ubbia,    P.Sala, R. Santorelli, D. Scannicchio, E. Segreto, Y. Seo, F.�Sergiam
pietri, J. Sobczyk,

N. Spinelli, J.Stepaniak, M
. Stodulski, M

. Szarska, M
. Szeptycka,  M

.Terrani, R.�Velotta, S. Ventura,
C

.Vignoli, H
. W

ang, X. W
ang, M

.W
ojcik, X. Yang, A. Zalew

ska, J.Zalipska, P. Zhao, W
. Zipper.

ITA
LY: L'Aquila, LN

F, LN
G

S, M
ilano, N

apoli, Padova, Pavia, Pisa, C
N

R
 Torino, Politec. M

ilano.
SW

ITZER
LA

N
D

: ETH
/Zürich. 

C
H

IN
A

: Academ
ia Sinica Beijing.

PO
LA

N
D

: U
niv. of Silesia Katow

ice, U
niv. of M

ining and M
etallurgy Krakow

, Inst. of N
ucl. Phys. Krakow

,
Jagellonian U

niv. Krakow
, U

niv. of Technology Krakow
, A.Soltan Inst. for N

ucl. Studies W
arszaw

a,
W

arsaw
 U

niv., W
roclaw

 U
niv.

U
SA

: U
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LA Los Angeles.
SPA
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: U

niv. of G
ranada.
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niv. of M

ining and M
etallurgy Krakow

, Inst. of N
ucl. Phys. Krakow

,
Jagellonian U

niv. Krakow
, U

niv. of Technology Krakow
, A.Soltan Inst. for N

ucl. Studies W
arszaw

a,
W

arsaw
 U

niv., W
roclaw

 U
niv.

U
SA

: U
C

LA Los Angeles.
SPA

IN
: U

niv. of G
ranada.
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The physics program
 at the Superbeam

�
Better ν

µ →
ν

e  appearance physics per m
ass than any other type of technology:

m
ass is not everything!

D
. H

arris

see D. M
ichael’s talk 
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The “ICARUS-like” physics program
 at the NF

�
W

ith a m
a

g
n

e
t
i
z
e
d

 l
i
q

u
i
d

 a
r

g
o

n
 T

P
C, w

e can do the m
easurem

ents
proposed w

ith m
agnetized Fe calorim

eter (
s
e
e
 J

J
. G

o
m

e
z
 “

g
o

l
d

e
n

”
 t

a
l
k

)

�
Since m

uons are very w
ell m

easured:
�

M
om

entum
 threshold in LAr TPC

 can be very low
 (dE/dx ≈ 200 M

eV/m
)

�
M

uon w
ell separated from

 jet thanks to detailed im
aging

�
This m

eans
�

Precise determ
ination of ∆m

223  and θ
23

�
Stringent lim

it/precise m
easurem

ent of θ
13

�
D

eterm
ination of ∆m

223  sign
�

Study m
atter effects

�
Search for C

P violation
�

H
ow

ever, the better granularity & resolution offers in addition new
 possibilities :

�
K

i
n

e
m

a
t
i
c
a

l
 d

e
t
e
c
t
i
o

n of ν
e →

 ν
τ  oscillations (s

i
l
v

e
r)

�
O

v
e
r

-
c
o

n
s
t
r

a
i
n the oscillation param

eters (m
atrix unitarity)

�
Study the δ phase by d

i
r

e
c
t
 s

e
a

r
c
h

 o
f
 T

 v
i
o

l
a

t
i
o

n

�
D

i
s
e
n

t
a

n
g

l
e δ vs θ

13  thanks to energy dependent studies

See N
ucl.Phys.B589:577-608,2000, N

ucl.Phys.B631:239-284,2002
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Sim
ulated ν

µ  C
C

 event in B=0.2 T
Drift coordinate

W
ire coordinate

r 
E ⊥

r 
B 

  ( r 
B

  out of slide)

e +

µ
–
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C
N

G
S  ν

τ  interaction, E
ν =18.7 G

eV

105 cm

τ
- →

 e
- + ν e  + ν

τ

_

e
-, 9.5 G

eV
, p

T =0.47 G
eV

/c

280 cm

290 cm

120 cm

_

e -,  15 G
eV

, p
T =1.16 G

eV
/c

V
ertex: 1π

0,2p,3n,2 γ,1e
- 

C
N

G
S  ν

e  interaction, E
ν =16.6 G

eV
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T
h

e
 re

q
u

ire
d

 m
a
s
s
 a

n
d

 m
a
g

n
e
tic

 fie
ld

 o
p

tim
iz

a
tio

n
s

�
Short-baseline (now called “near detectors”) low/m

edium
 cross-sections or

high-energy precision neutrino physics
�

1
0

-
1

0
0

 
t
o

n
 
m

a
g

n
e
t
i
z
e
d

 
B

=
0

.5
-
1

T

�
Long-baseline neutrino physics
�

Superbeam
s

�
1

0
 
k

t
o

n
 
n

o
t
 
n

e
c
e
s
s
a

r
i
l
y

 m
a

g
n

e
t
i
z
e
d

 (
P
h

a
s
e
 I

)

�
5

0
-
1

0
0

 
k

t
o

n
 
n

o
t
 n

e
c
e
s
s
a

r
i
l
y

 m
a

g
n

e
t
i
z
e
d

 (
P
h

a
s
e
 I

I
)

�
NF�

1
0

-
2

0
 k

t
o

n
 m

a
g

n
e
t
i
z
e
d

 B
=

1
 T

�
Underground physics (proton decay, supernova, atm

, solar, …
)

�
1

0
0

 k
t
o

n
 n

o
n

 m
a

g
n

e
t
i
z
e
d

D
i
f
f
e
r

e
n

t
 

o
p

t
i
m

i
z

a
t
i
o

n
s
 

f
o

r
 

d
i
f
f
e
r

e
n

t
 

k
i
n

d
s
 

o
f
 

p
h

y
s
i
c
s

(
M

i
n

i
,
 

m
e
d

i
u

m
,
 

l
a

r
g

e
,
 

X
L
)
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W
hat m

e w
orry?

Adam
 Para, N

UFACT 02 (London)
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?

A dog living in a virtual w
orld…
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Past experience and results - 50 liter prototype
�

Active volum
e : 50 liters

�
Readout planes: 2 (0°,90°)

�
M

ax drift distance: 45cm
�

R
econstruction of vertices of ν-interactions

�
Ferm

i-m
otion

�
Track direction by δ-rays

�
dE/dx versus range for K

,π,p discrim
ination

�
M

ax. electron lifetim
e > 10 m

s
•

LA
r purification by A

r vapour filtering and re-
condensation

•
LA

r purity m
onitors

•
O

ptim
ization of front-end electronics for

induction and collection planes
•

W
arm

 and cold electronics
•

R
eadout chain calibration studies

•
Signal treatm

ent
•

C
ollection of scintillation light

•
1.4 m

 drift length (special test)

ν
µ

+
N

→
µ

−
+
X

Exposed to C
ER

N
 W

A
N

F

N
O

M
A

D
 experim

ent
provided escaping
m

uon m
om

entum
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ν
µ
+
n
→

µ
−
+
p

Q
uasi-elastic interactions in 50 liter exposed to CERN W

ANF

�
Selection of pure lepton-proton final state w

ith exactly one proton T
P >50 M

eV
(range > 2 cm

) and any num
ber protons T

P <50 M
eV

B. Boschetti’s thesis (M
ilano, 1998)

R
ed: Fluka

A
colinearity

A
coplanarity
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Q
uasielastic events (50 liter exposed to CERN W

ANF)

�
G

ood agreem
ent with FLUKA expectations

B. Boschetti’s thesis (M
ilano, 1998)

R
ed: Fluka

M
uon Pt

Proton Pt

M
iss Pt

W
2
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Past experience and results - 15 ton prototype

�
Total volum

e : 10 m
3

�
R

eadout planes: 2 (–60°,60°)
�

M
ax drift distance: 35 cm

�
Final electronics

�
D

A
Q

�
External trigger

�
100 days run in LN

G
S external hall

�
M

ax. electron lifetim
e ≈ 2 m

s

•
Purification in liquid phase

•
H

V
 feed-throughs

•
C

ryogenic technology
•

Signal feed-throughs
•

V
ariable geom

etry drift cham
ber

w
ire

T15 installation @
 LN

GS (H
all

di M
ontaggio)
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The ICARUS T600 M
odule�

Tw
o separate containers

�
inner volum

e/cont. =
3.6 x 3.9 x 19.6 m

3

�
Sensitive m

ass =
476 ton

�
4 w

ire cham
bers w

ith 3
readout planes at 0°, ±60°
(tw

o cham
bers / container)

�
≈ 54000 w

ires
N

one broke during test
�

M
axim

um
 drift = 1.5 m

�
H

V = -75 kV @
 0.5 kV/cm

�
Scintillation light
readout w

ith 8” VU
V

sensitive PM
Ts
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Experience and results - First container of T600 test

�
Full scale technical run of the T300 detector in Pavia:
�

C
ryogenics

�
 (decrease the LN

2 consum
ption)

�
W

ire cham
ber m

echanics
�
�

�
Argon purification

�

�
Electronic noise

�

�
H

igh voltage for the drift
�
�

 (also at 150 KV)
�

PM
Ts for scintillation light collection 

�

�
R

eadout & D
AQ

�

�
Slow

 control
�

�
D

evelopm
ent of event reconstruction SW

 w
ith real events and data analysis

�
Im

aging
�

 �
�

Event reconstruction
�

�
3 plane readout

 
�

�
C

alibration
 

�

�
R

esolution
 

�

�
Total volum

e of one container: 350 m
3

�
R

eadout planes: 3 (–60°,60°,0°)
�

M
ax drift distance: 150 cm
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≈300‘000 kg LAr
        = T300

ICARUS T300 cryostat (1 out of 2)
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Cryostat (half-m
odule)

20 m

4 m

4 m

View of the inner detector

ICARUS T300 prototype

Readout electronics
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The T600 m
odule

�
Approved and funded in 1996

�
Built betw

een years 1997 and 2001
�

Com
pletely assem

bled in the
IN

FN
 assem

bly hall in Pavia
�

D
em

onstration test run during first half
2001
�

Three m
onths duration

�
C

om
pletely successful

�
D

ata taking w
ith cosm

ic rays
�

Installation plan in the Gran
Sasso underground Lab
com

pleted early 2003
(including safety risk
analysis)

�
Transportation and installation in LNG

S
in 2003-2004



20
N

U
FA

C
T03, A

. R
ubbia - June, 2003

18 m

1.5 m1.5 m

Left Chamber Right Chamber

Cathode

Long longitudinal m
uon track crossing the cathode plane

Track Length = 18.2 m

3D
 View

Top View

dE/dx = 2.1 M
eV/cm

3-D reconstruction of the long track
3-D reconstruction of the long track

dE/dx distribution along the track
dE/dx distribution along the track
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D
. M

ichael
or A. Para?
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T
h

e
 fro

n
t-e

n
d

 e
le

c
tro

n
ic

s

Charge

S
ig

n
a

ls
 in

d
u

c
e

d

D
rift tim

e
A

B

C

Charge

D
rift tim

e
A

B

C

Io
n

iz
in

g
 tra

c
k

e
-

1
st Induction

wire/screen grid

2
nd Induction wire

grid (x view)
Collection wire
grid (y view)

d d

p

N
o

n
-d

e
s

tru
c

tiv
e

 m
u

ltip
le

 re
a

d
o

u
t

C
o

n
tin

u
o

u
s

w
a

v
e

fo
rm

re
c

o
rd

in
g

T
im

e -- drift

400 ns sam
pling

R
a

w
 D

a
ta

 fro
m

 a
 1

0
 m

3 p
ro

to
ty

p
e

S
c

in
tilla

tio
n

 L
ig

h
t

A m
ip produces ≈20000 electrons per 3m

m
 

Q
noise

=
350

+
2.5

×
C
input [pF]

(
)  electrons
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FADC FADC
Twisted pair cables
(4m

, 50pF/m
)

Liquid argon       Gas

D
ecoupling

Boards
(32 ch.)

U
H

V
Feed-through
(18x32ch.) 

Front-end
am

plifiers
(32/board)

Sense wires
(4-9m

, 20pF/m
)

H
.V. (<±500 V)

VM
E board (18/crate)

4 M
ultiplexers

  (8ch.:1)

10bit FA
D

C
20M

H
z

Each T600 half-m
odule:

~ 27000 channels —
 860 boards —

 48 crates
Fully industrialized production, ≈100 C

H
F/channel

Test pulse
capacitances

Layout of front-end electronics

Calibration:
A

nalog board test pulse

Digital board
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CA
EN

-V789 board: 2 D
aedalus VLSI * 16 input channels

(local self-trigger & zero suppression) + m
em

ory buffers +
data out on VM

E bus

CA
EN

-V791 board: 32 pre-am
plifiers +

4 m
ultiplexers (8:1) + 4 FA

D
C’s (10 bits - 20 M

H
z)

D
ecoupling board:

H
V distribution

and signal input

Signal  U
H

V feed-through:
576 channels (18 connectors x 32)
+ H

V wire biasing The ICARUS T600 read-out chain

Result of m
any years of ICARUS R&

D
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µ
Single w

ire
perform

ance
T600 D

ata

10 M
eV

3.2 M
eV

1.8 M
eV

Tw
o 

consecutive
 w

ires
N

oise

δ
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F
u

rth
e

r p
ro

g
re

s
s

 in
 a

n
a

ly
s

is
 o

f T
6

0
0

 d
a

ta

�
Progress on reconstruction, analysis and detector perform

ance understanding
�

Big effort on detector response m
odeling

�
Full detailed sim

ulation, digitization and noise
�

Big effort on autom
atic reconstruction

�
H

it, clustering, tracking in 2D
 and 3D

, calorim
etric reconstruction

�
Publications
�

Perform
ance of the 10 m

3 ICARUS liquid argon prototype, N
IM

 A498 (2002) 292-311
�

O
bservation of long ionizing tracks with the ICARUS T600 first half-m

odule
 , N

IM
 in press

�
In phase of subm

ission:
1.

D
etection of C

erenkov light em
ission in Liquid Argon

2.
D

esign, construction and tests of the IC
AR

U
S T600 detector (100 pages)

3.
Analysis of the liquid argon purity in the very large IC

AR
U

S T600 TPC
4.

M
om

entum
 estim

ation via m
ultiple scattering in the IC

AR
U

S T600 TPC
5.

Analysis of of the stopping m
uon sam

ple in the IC
AR

U
S T600 TPC

6.
Study of electron recom

bination (quenching)
7.

O
bservation of m

ulti-m
uon events
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7
5

1
0
0

2
0

3
0

4
0

5
0

6
0

0

1
0

2
0

3
0

4
0

5
0

6
0

7
0

8
0

9
0

z (cm
)

x (cm)

7
5

1
0
0

2
0 3

0 4
0 5

0 6
0

0

1
0

2
0

3
0

4
0

5
0

6
0

7
0

8
0

9
0

y (cm
)

x (cm)

R
un 939 E

vent 95 R
ight cham

ber
R

un 939 E
vent 95 R

ight cham
ber

T
e =36.2 M

eV
R

ange=15.4 cm
T

e =36.2 M
eV

R
ange=15.4 cm

Stopping m
uon reconstruction exam

ple

Collection view

Induction 2 view

A

A B

B

C

C

µ
+[AB]→

e
+[BC]

µ+

e+

µ+
e+

Induction 1 view

J. Rico’s thesis (ETH
Z, 2002)
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Stopping m
uon autom

atic reconstruction (I)
1.5 m

0.6 m
 (200 w

ires)

Drift timeW
ire (collection plane)

1.5 m

0.9 m
 (300 w

ires)

Drift time

W
ire (induction plane)
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Stopping m
uon autom

atic reconstruction (II)
1.5 m

0.9 m

1.5 m

0.6 m
 (200 w

ires)

Drift time

W
ire (collection plane)

0.9 m
 (300 w

ires)

Drift timeW
ire (induction plane)

U
ndeterm

ined m
atching

U
nm

atched hit
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Fully reconstructed stopping m
uon event
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=
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=
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0
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=
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=
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=
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Analysis of the stopping m
uon sam

ple

Sim
ulated quasielastic ν

µ  C
C

interaction, E
ν =1.73 G

eV

240 cm

90 cm

µ
-

p

γ

100 cm

210 cmR
eal m

uon decay event
from

 T600, E
µ ~ 0.4 G

eV

µ
e

ν
µ

µ

n
p

W

W

µ
ν
µ

ν
ee

•Prelim
inary analysis based on ≈200 events

•B
eing now

 extended to full statistics (3000 events) 
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Calorim
etric reconstruction M

ichel electrons (T600)

σE
=
13

±
2

(
)%

E(M
eV
)
⊕
1.8

±
0.3

(
)%

Energy resolution:

no brem
sstrahlung

no brem
sstrahlung

with brem
sstrahlung

with brem
sstrahlung
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High m
ultiplicity events

Run 807 Event 19

W
ire

18 m

Drift
time

1,5 m
Drift
time

Collection view
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goes like cos(θ)     , n ~�3 to 4
n

M
uon bundle analysis
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C
ollection

Induction2
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E
x

tra
p

o
la

tio
n

 to
 u

n
d

e
rg

ro
u

n
d

 k
to

n
 liq

u
id

 A
rg

o
n

 T
P

C
s

:
g

e
n

e
ra

l c
o

n
s

id
e

ra
tio

n
s

�
The IC

AR
U

S collaboration has proposed an underground m
odular T3000

detector for LN
G

S based on the cloning of the T600
�

T3000 = T600 + T1200 + T1200
�

D
e
s
i
g

n
 
f
u

l
l
y

 
p
r

o
v

e
n

 b
y

 t
6

0
0

 t
e
c
h

n
i
c
a

l
 r

u
n

�
R

e
a

d
y

 t
o

 b
e
 b

u
i
l
t
 b

y
 i

n
d

u
s
t
r

y

�
The cost can be precisely estim

ated on the basis of the T600 prototype
already built and is supported by actual offers
�
≈20M

$ per kton
�

A
 1

0
 k

t
o

n
 m

o
d

u
l
a

r
 l

i
q

u
i
d

 a
r

g
o

n
 d

e
t
e
c
t
o

r
 c

o
u

l
d

 b
e
 o

r
d

e
r

e
d

t
o

d
a

y
 a

n
d

 w
o

u
l
d

 c
o

s
t
 ≈

2
0

0
 M

$
 (

c
o

n
s
e
r

v
a

t
i
v

e
)

�
T
h

i
s
 w

o
u

l
d

 b
e
 o

k
 f

o
r

 s
u

p
e
r

b
e
a

m
s
 (

e
.g

. o
f
f
a

x
i
s
)

�
Follow

ing a successful scaling up strategy, one could optim
ize costs and

envision building bigger superm
odules by increasing the dim

ensions of the
current T1200 by a factor tw

o in each directions:

2
3

(
) ×

T1200
≈
T10K
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The ICARUS T1200 Detector
�

Based on cloning the present T600
containers
�

A
 c

o
s
t
-
e
f
f
e
c
t
i
v
e

s
o
l
u

t
i
o
n

 g
i
v
e
n

 t
u

n
n

e
l

a
c
c
e
s
s
 c

o
n

d
i
t
i
o
n

s

�
Preassem

bled m
odules outside

tunnel are arranged in
superm

odules of about 1200 ton
each (4 containers)
�

T
i
m

e
 e

f
f
e
c
t
i
v
e
 s

o
l
u

t
i
o
n

(
p
a
r

a
l
l
e
l
i
z
a
b

l
e
)

�
D

rift doubled 1.5 m
 �

 3 m
�

s
e
n

s
i
b

l
e
 s

o
l
u

t
i
o
n

 g
i
v
e
n

p
a
s
t
 e

x
p
e
r

i
e
n

c
e

�
LAr target to be com

plem
ented by

a m
uon spectrom

eter (for C
N

G
S

beam
 operation)

�
First superm

odule already funded
�

G
oal
�

T
3

0
0

0
 

r
e
a

d
y

 
b

y
 

2
0

0
6

D
etailed engineering project w

as
produced by A

ir Liquide (June 2003)
T1200 cryostat ready for tendering
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ICARUS T3000 @
 LNG

S

M
uon spectrom

eter

T600
T1200

T1200

A
rgon

Spectrom
eter

Side-view
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Safety, safety, safety
�

Safety is a critical issue that needs to be handled by real professional experts (typically
not a job for physicists)
�

The problem
 is to understand the risks of som

ething that has never been done
before

�
It takes tim

e to learn, understand and predict
�

M
ostly due to the necessity to run underground (not so difficult on surface!)
�

Flam
m

able gases, (leaking) toxic m
aterials are all absent in liquid argon TPC

s
�

Argon is a non-toxic, inert noble gas
�

M
ajor problem

s related to possible spills (earthquake) and cooling (access to bring
cold or dissipate heat to outside cavern, shortage of electrical pow

er, etc…
)

�
It is possible, see IC

AR
U

S @
 LN

G
S, even though it takes tim

e to design in
concordance w

ith safety
�

Iterations needed, close cooperation betw
een safety experts, risk analysts and

engineers
�

T
h

e
 “

d
e
f
i
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i
t
i
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e
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r
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j
e
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t
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C
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 T

6
0
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N
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p
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e
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0
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�
T
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h
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a
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s
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i
d
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e
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a
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s
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6
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p
l
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s
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l
l
e
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Letter from
 LN

G
S director:

M
arch 17, 2003

The laboratories take act with
satisfaction that the results of the risk
analysis (version 0) concretely indicate
the possibility to guarantee the safety
inside the underground laboratories for
the ICARU

S T600.
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70 kto
n

 L
A

r

F. Sergiam
pietri, N

UFACT 01
(Tsukuba)
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E
x

tra
p

o
la

tio
n

 to
 u

n
d

e
rg

ro
u

n
d

 k
to

n
 liq

u
id

 A
rg

o
n

 T
P

C
s

:
m

o
d

u
la

r v
s

 s
in

g
le

 v
o

lu
m

e

�
Single volum

e appears to be the m
ost attractive solution

�
A strong R

&D
 program

 is required to extrapolate the liquid argon TPC
 to

such scale (in a single step?)
�

O
n the other hand, there are counter-indications to a non-m

odular design (the
facts of life!)
�

U
nderground installation (access)

�
O

peration
�

Safety requirem
ents

�
Location:
�

A m
ine seem

s to be m
ost adequate solution

�
U

SA: W
IPP @

 C
arlsbad (C

line, Learned, M
cdonald, Sergiam

petri)
�

Europe: Pyhäsalm
i (Finland)

�
…
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E
x

tra
p

o
la

tio
n

 to
 u

n
d

e
rg

ro
u

n
d

 k
to

n
 liq

u
id

 A
rg

o
n

 T
P

C
s

:
n

e
c

e
s

s
a

ry
 R

&
D

�
Long drift distances
�

IC
AR

U
S achieved 1.5m

 and adopts 3m
 for new

 T1200 m
odules

�
R

equires drift electron lifetim
es τ in excess of m

s (v
D ≈1.5m

m
/µs @

 E=500 V/cm
)

�
R

equires high purity (IC
AR

U
S R

&D
: relation betw

een electron lifetim
e and purity vs E-field

w
ell understood, e.g. 1 m

s ⇔
 0.3 ppb(O

2 ) @
 500 V/cm

) and high voltage
�

R&
D needed to prove >3m

 drift possible
�

Argon purification in large quantities
�

IC
AR

U
S experience: to m

aintain high purity requires liquid recirculation (i.e. continuous
purification). This has a cooling cost (pum

p m
oving liquid)

�
C

urrently based on O
xysorb+H

ydrosorb cartridges (typ. 1000 liter/h/cartridge)
�

Further R&
D needed for low

 im
pedance, low

 cooling consum
ption, fast

recirculation
�

Very high voltage
�

IC
AR

U
S experience: reached 150 KV, design 300 KV for new

 T1200
�

Further R&
D needed for higher voltages

�
Electronic noise
�

D
riven by pream

plifier noise with capacitance
�

R&
D needed to prove LON

G W
IRES are readable w

ith good S/N
�

Environm
ental noise on big detectors is m

ore difficult (ground loops, …
)

�
H

ydrostatic pressure
�

R&
D needed to understand liquid argon and drift properties at high p
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R&D for liquid argon in m
agnetic field

�
O

pens new
 possibility

�
C

harge discrim
ination

�
M

om
entum

 m
easurem

ent of particles
escaping detector (e.g. m

uons)
�

M
S dom

inated (∆p/p≈4%
 at L=12m

, B=1T)
�

O
rientation of the field
�

Bending in the direction of the drift w
here

 resolution is the best
�

Achieved point resolution in T600 : 400 µm
�

B-field perpendicular to E-field
�

Lorentz angle sm
all in liquids α≈30m

rad @
 E=500 V/cm

, B=0.5 T
�

R
equired m

agnetic field strength for charge discrim
ination (x=path in LAr)

b
+

−
b

−
=

2b
>

3M
S   ⇒

  B
≥

0.2
T[]

x
m[

]

3 sigm
as discrim

ination:
b

≈
l 22R

=
0.3B

T[]
x
m[

]
(

)
2

2p
G
eV

[
]

M
S

≈
0.02

x
m[

]
(

) 3/2

p
G
eV

[
]
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e
–

2.5 G
eV

B=1T

a)
Prim

ary electron m
om

entum
 …

 curvature radius obtained by the calorim
etric energy m

easurem
ent

b)
Soft brem

sstrahlung γ ’s  …
 the prim

ary electron rem
em

bers its original direction →
 long effective x for bending

c)
H

ard initial brem
sstrahlung γ ’s  …

 the energy is reduced →
 low

 P →
 sm

all curvature radius

hep-ph/0106088

B
≥
0.2

T[]
x
m[

]

Discrim
ination of the electron charge

x=
1X

0  ⇒
B>

0,5T
x=

2X
0  ⇒

 B>
0,4T

x=
3X

0  ⇒
 B>

0,3T

M
C

 
s
t
u

d
y

:
 

c
h

a
r

g
e
 

c
o

n
f
u

s
i
o

n
<
1

0
–

3
 
@

 
B

=
1

 
T
,
 
E
<
5

 
G

e
V
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O
n

g
o

in
g

 R
&

D
: T

e
s

t o
f liq

u
id

 A
rg

o
n

 im
a

g
in

g
 in

 B
-fie

ld

�
Sm

all cham
ber in SIN

D
R

U
M

-I recycled
m

agnet up to B=0.5T (230KW
) given by PSI,

Villigen
�

Test program
:

�
C

heck basic im
aging in B-field

�
M

easure traversing and stopping m
uons

bending
�

C
harge discrim

ination
�

C
heck Lorentz angle (α≈30m

rad @
E=500 V/cm

, B=0.5T)
�

R
esults expected end of 2003

W
idth 300m

m
, height 150m

m
, drift length 150m

m

  r 
E 

  r 
B 
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158 M
eV

752 M
eV

θ = 141
o

M
inv  = 650 M

eV

R
un 975, Event 151

M
inv  =140 M

eV

Collection view Pi zero candidate (prelim
inary)

θ = 25
o

140 M
eV

•Reconstruction of γ-showers

(error evalulation in progress)

T600
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A fully sim
ulated and digitized π

0 event

Induction 2

Induction 1

Collection

full sim
ulation,digitization, and

noise inclusion
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ejectio
n

 π
0  b

ased
 o

n
 im

ag
in

g

�
Based on full sim

ulation, digitization,
noise and autom

atic reconstruction of
events

�
Algorithm

: cut for 90%
 eff. electrons

1.
Events with vertex: conversion within
1cm

 (3 wires) of vertex R
1 ≈19

2.
Single/double m

ip R
2 ≈30

(prelim
inary)

Prelim
inary

<dE/dx> M
eV/cm

Single photon rejection

Im
aging 

provides 
≈2

×1
0

-3 efficiency for single  
π

0

cut

1 π
0 (M

C)
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ejectio
n

 π
0  b

ased
 o

n
 im

ag
in

g
�

π
0 surviving dE/dx separation cut (total 31 events out of 1000 1G

eV π
0)

�
21 events:  Com

pton scattering
�

5 events: Asym
m

etric decays (partners have less than 4 M
eV)

�
2 events: positron annihilation im

m
ediately

�
1 event: positron m

ake im
m

ediate Brem
sstrahlung taking >90%

 of energy
�

π
0 rejection im

proves with energy: 5%
 @

 0.25 G
eV, 4%

 @
 0.5 G

eV, 3%
 @

 1 G
eV, 2%

 @
 2 G

eV

C
om

pton electron

�
Further rejection by kinem

atical cuts (depends on actual beam
 energy profile)

�
E.g. νn →

 νπ
0n : precise m

ass reconstruction
Finally: N

C EVEN
T rejection: F(N

C) <≈1
×1

0
-3

Full sim
ulation+digitization+noise
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Near future, near beam
s

�
Low/m

edium
 energy (<10 G

eV):
�

DIS+resonances m
odeling

�
Q

E m
odeling

�
Binding, Ferm

i-m
otion, Pauli-exclusion, NN-correlations, PDF m

odifications, other nuclear effects, form
factors

�
High energy (>10 G

eV)
�

pQ
CD, non-pQ

CD (PDFs), sum
 rules

�
fundam

ental constants: α
s  , sin

2θ
W  (N

uTeV anom
aly?)

�
nuclear structure functions (shadowing, Ferm

i, EM
C)

�
Low Q

2 (higher twist corr.)

Physics potentials should be studied in detail
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40 ton Liquid Argon detector

See Sergiam
petri’s talk
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Sim
ulated dim

uon (charm
) event, B=0.2 T

E
ν

=
50 G

eV

µ
–

µ
+

ν
µ N

→
µ

−µ
+ν

µ π
−π

0pπ
0K

0K 0
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Conclusions
�

T
h

e
 l

i
q

u
i
d

 a
r

g
o
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 T

P
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 o
f
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e
r

s
 u

n
p
r

e
c
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p
h

y
s
i
c
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�
IC

AR
U

S has show
n that it is a

 
r

e
l
i
a

b
l
e
 
e
x

p
e
r

i
m

e
n

t
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l
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e
c
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 i
n

 i
n

t
e
r

e
s
t
 i

n
 t

h
e
 t

e
c
h

n
o

l
o

g
y

�
W

hat is virtual? W
hat is real?

�
IC

AR
U

S C
ollaboration has operated at surface a large m

ass liquid Argon
TPC

 (600 ton m
odule) proving that the s

c
a

l
i
n

g
 f

r
o

m
 p

r
o

t
o

t
y

p
e
s
 t

o

k
t
o

n
 
s
c
a

l
e
 
d

e
t
e
c
t
o

r
s
 
i
s
 
p
o

s
s
i
b

l
e.

�
A

 1
0

 k
t
o

n
 m

o
d

u
l
a

r
 d

e
t
e
c
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 c

o
u

l
d

 b
e
 r

e
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d
i
l
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 e
n

v
i
s
a

g
e
d

�
S
t
r

o
n

g
 R

&
D

 p
r

o
g

r
a

m
 n

e
e
d

e
d

 t
o

 e
x

t
r

a
p
o

l
a

t
e
 t

e
c
h

n
o

l
o

g
y

 t
o

1
0

0�k
t
o

n
 
d

e
t
e
c
t
o

r
s

�
Internal issues: Purification, long drift paths, m

agnetic field,…
�

External issues: safety, m
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